Molecular information suggests that there is a broad diversity of acetogens in the rumen, distinct from any currently isolated acetogens. We combined molecular analysis with enrichment culture techniques to investigate this diversity further. Methane-inhibited, hydrogenotrophic enrichment cultures produced acetate as the dominant end product. Acetyl-CoA synthase gene analysis revealed putative acetogens in the cultures affiliated with the Lachnospiraceae and Ruminococcaceae as has been found in other rumen studies. No formyltetrahydrofolate synthetase genes affiliating with acetogens or with 'homoacetogen similarity' scores >90% were identified. To further investigate the hydrogenotrophic populations in these cultures and link functional gene information with 16S rRNA gene identity, cultures were subcultured quickly, twice, through medium without exogenous hydrogen, followed by incubation without exogenous hydrogen. Comparison of cultures lacking hydrogen and their parent cultures revealed novel Lachnospiraceae and Ruminococcaceae that diminished in the absence of hydrogen, supporting the hypothesis that they were likely the predominant acetogens in the enrichments. Interestingly, a range of Bacteroidetes rrs sequences that demonstrated <86% identity to any named isolate also diminished in cultures lacking hydrogen. Acetogens or sulphate reducers from the Bacteroidetes have not been reported previously; therefore this observation requires further investigation.
INTRODUCTION
Bacteria capable of producing acetate from hydrogen and carbon dioxide (4H 2 + 2CO 2 → CH 3 COOH + 2H 2 O) using the acetyl-CoA pathway are known as acetogens (Drake, Küsel and Matthies 2006) . They have been found in a variety of anaerobic ecosystems, including sediments, wastewater treatment systems, soils and animal gut systems. Acetogens have received attention as a hydrogenotrophic population that may play a role in reducing methane emissions from ruminant livestock (Morvan et al. 1994 (Morvan et al. , 1996 Nollet, Demeyer and Verstraete 1997; Joblin 1999; Olsson, Evans and Joblin 2006) . During ruminal fermentation, methanogenic archaea mainly reduce carbon dioxide to methane via the process of methanogenesis (4H 2 + CO 2 → CH 4 + 2H 2 O) although methylated compounds can also act as precursors. Ruminal methanogenesis represents a loss of between 2 and 12% potential energy from ingested feed (Johnson and Johnson 1995) and contributes significantly to global greenhouse gas emissions (Thorpe 2009 ). Acetogens are not naturally a significant hydrogenotrophic population in the rumen; however, if methanogenesis could be suppressed in the rumen, acetogenesis may serve as an effective alternative hydrogen sink (Fonty et al. 2007 ) resulting in an energy gain for ruminant livestock through the production of acetate (Joblin 1999) . Apart from a handful of isolates (Joblin 1999) , little is known about the identity of normal rumen acetogens and the factors that influence their abundance and activity in the rumen.
A molecular analysis has revealed a diversity of potential acetogens in the bovine rumen that are distinct phylogenetically from any acetogen isolates from ruminants to date (Gagen et al. 2010) . In the present study, we sought to further investigate the identity and function of these potential rumen acetogens using a combination of enrichment culture and molecular techniques, targeting functional genes associated with acetogens (acetyl-CoA synthase genes, acsB and formyltetrahydrofolate synthetase genes, fhs) and linking these results with 16S rRNA gene (rrs) information.
MATERIALS AND METHODS

Sample collection
Rumen contents were collected from five mature fistulated Brahman (Bos indicus) cross steers feeding a pasture diet of green panic (Panicum maximum var. trichoglume), Buffel grass (Cenchrus ciliaris) and Rhodes grass (Chloris gayana) (Gagen et al. 2010) . Samples were stored at −80 o C in a glycerol-based cryoprotectant modified from the storage solution outlined by McSweeney, Denman and Mackie (2005) and thawed before inoculation to acetogen enrichment medium.
Acetogen enrichment cultures
Enrichment culture medium was modified from the AC11.1 medium of Greening and Leedle (1989) as outlined in Gagen et al. (2014) . Medium was prepared using standard anaerobic techniques (Hungate 1969) , dispensed in an anaerobic chamber with an atmosphere of 95% CO 2 and 5% H 2 (COY Laboratory Products Inc., Ann Arbor, MI) as 9.9 ml aliquots in 27 ml Balch tubes (Bellco, Vineland, NJ) sealed with butyl rubber stoppers (Bellco) and was sterilized by autoclaving at 121 o C, 100 kPa for 20 min.
Immediately before sample inoculation for enrichment cultures, bromoethane sulphonate (BES; Sigma, Australia) to final concentration 2 mM was added to inhibit methanogenesis. Rumen samples from individual animals were inoculated separately to modified AC11.1 medium with 2 mM BES and tubes were then pressurized with H 2 :CO 2 (4:1) to 150 kPa and incubated horizontally at 39 o C. After 2 days incubation, 0.1 ml of each culture was pooled and used as inoculum into fresh medium in triplicate and incubated as previously. Headspace gas pressures in the cultures were measured regularly using a pressure gauge (Rydalmere, New South Wales, Australia) with a Luer Lock connecter for needle attachment. Gas was refilled as necessary and cultures were incubated in this manner for 4-5 weeks to enrich for hydrogen utilizers, before subculture (1:100) to the same conditions. Cultures were stable phenotypically (hydrogenotrophic with acetate as the major end product) through multiple subcultures. The ratio of gases in the headspace and concentration of short-chain fatty acids (SCFA) and sulphide ion in the culture supernatant were determined on triplicate enrichment cultures harvested 4 weeks after inoculation.
Characterization of rumen enrichment cultures without exogenous hydrogen
Stable acetogen enrichment cultures (hydrogenotrophic with acetate as the major end product) were inoculated (1:100) in triplicate into modified AC11.1 media with 2 mM BES. Tubes were pressurized to 150 kPa with N 2 :CO 2 (4:1) and the cultures were allowed short incubation periods before being subcultured twice (72 h before the first subculture, which was then incubated for 96 h before being subcultured again) to quickly select against the populations of bacteria that were dependent on hydrogen in the parent culture. After these initial quick transfers, cultures were incubated with 150 kPa N 2 :CO 2 (4:1) for 4 weeks, and headspace and gas pressures were monitored regularly. The end point ratio of gases in the headspace and concentration of SCFAs and sulphide ion in the culture supernatant were determined at harvest.
Chemical analyses
Analysis of headspace gas for hydrogen, carbon dioxide and methane was done by gas chromatography as outlined in Gagen et al. (2014) . Concentrations of the SCFAs acetic, propionic, nbutyric, isobutyric, isovaleric and n-valeric acid were determined by flame ionization detection as outlined in Gagen et al. (2014) . Dissolved sulphide was detected by ion chromatography using the method of Keller-Lehman et al. (2006) .
DNA extraction and molecular analyses of rrs, acsB and fhs
DNA was extracted from enrichment cultures and cultures without exogenous hydrogen, using the cetyltrimethylammonium bromide method of Brookman and Nicholson (2005) with minor modifications as described previously (Gagen et al. 2010) . Partial rrs sequences were amplified from culture DNA using primers 27f and 1492r (Lane 1991) and PCR, cloning and sequencing were as outlined in Gagen et al. (2012) . Potentially chimeric sequences determined using the chimera detection program at the Ribosomal Database Project II (Cole et al. 2003) and sequences shorter than 500 bp were removed from further analysis. Sequences were aligned using the NAST aligner at Greengenes (DeSantis et al. 2006) and classified using the Hugenholtz taxonomy at the Greengenes database (DeSantis et al. 2006) . Sequences were grouped into operational taxonomic units (OTUs) using MOTHUR (Schloss et al. 2009 ) and a distance ≤0.025 to group sequences at an approximate species level (Stackebrandt and Goebel 1994) . Partial rrs sequences recovered in this study have been submitted to the GenBank database under the accession numbers JN196618-JN196814 (n = 98, enrichment cultures; n = 99, cultures lacking hydrogen).
Partial acetyl-CoA synthase genes (acsB) were amplified from DNA from acetogen enrichment cultures using the primers ACS f and ACS r and protocol of Gagen et al. (2010) . Partial formyltetrahydrofolate synthetase genes (fhs) were amplified using the primers and protocol of Leaphart and Lovell (2001) . Clone libraries and sequencing were as outlined in Gagen et al. (2012) . Deduced amino acids of acsB (ACS) and fhs (FTHFS) were aligned in ARB (Ludwig et al. 2004 ) with publicly available sequences and grouped into OTUs at a distance of ≤0.035 for ACS and ≤0.025 for FTHFS, to cluster similar sequences while separating those from distinct species (Gagen et al. 2010) . Maximum likelihood trees were constructed as outlined previously (Gagen et al. 2010) using RaxML (Stamatakis 2006) at the CIPRES portal (Miller, Pfeiffer and Schwartz 2010) . FTHFS sequences were assessed for similarity to FTHFSs from authentic acetogens using the homoacetogen similarity (HS) score of Henderson et al. (2010) . Putative fhs sequences recovered in this study have been submitted to GenBank under accession numbers JN197152-JN197208 (n = 57). Putative acsB sequences recovered in this study have been submitted to GenBank under accession numbers JN197008-JN197041 (n = 34).
RESULTS
Characterization of acetogen enrichment cultures and cultures without exogenous hydrogen
Acetogen enrichment cultures consumed net hydrogen and carbon dioxide. Acetic acid was the major end product detected and a small amount of sulphide and minor amounts of other acids were also produced (Table 1) . Based on 4H 2 + 2CO 2 → CH 3 COOH + 2H 2 O, hydrogen consumption in enrichment cultures was greater than expected (Acetate:Hydrogen ∼5.6, Table 1 ). Cultures that were not provided with an overpressure of hydrogen produced a relatively small amount of acetate, significantly lower than in the enrichment cultures (P < 0.001, Table 1 ).
Functional gene analysis
Deduced amino acids for fhs from enrichment cultures clustered into eight OTUs. All FTHFS sequences placed phylogenetically in the lower half of the FTHFS tree and four OTUs probably originated from non-acetogens based on reasonably low HS scores n-butyric 10.9 ± 2.1 The small amount of hydrogen present in the cultures lacking hydrogen was residual from medium preparation in an anaerobic chamber. For comparison of acetogen enrichment cultures and cultures lacking hydrogen, numbers in the same row followed by different letters (A, B), were significantly different and the significance is denoted by P, * P < 0.05, * * * P < 0.001.
(<70%, OTUs 3, 4, 5, 7, Fig. 1) . Most of the sequences clustered into two OTUs that placed near Sporomusa acetogens and had relatively high HS scores (86-88%, OTUs 1 and 2, Fig. 1 ). Deduced amino acids of acsB clustered into five OTUs and affiliated with the Ruminococcaceae/Blautia group (OTU 3, Fig. 2 ) and distantly with the Lachnospiraceae branching near Acetitomaculum ruminis (OTUs 1, 2, 5, Fig. 2) . A single sequence identical to ACS from the rumen acetogen Oxobacter pfennigii was also detected (OTU 4, Fig. 2 ). ACS sequences in the largest OTU (OTU 1, Fig. 2 ) were identical at the amino acid level to ACS sequences detected from pasture-fed cattle previously (OTU 3 in fig. 4 of Gagen et al. 2010) .
Comparison of rrs inventories from acetogen enrichment cultures and cultures without exogenous hydrogen provided
The four most abundant rrs OTUs in acetogen enrichment cultures were classified as Lachnospiraceae, Desulfovibrionaceae and Bacteroidetes with no close cultured relatives (OTUs 3, 4, 7 and 8 respectively; Table S1 , Supporting Information). There were significant differences between rrs gene libraries from the acetogen enrichment cultures and the cultures that were not provided with exogenous hydrogen (LIBSHUFF, significance of the C XY score P < 0.001) with decline or disappearance of these major OTUs as well as an OTU classified as Ruminococcaceae, and diverse other Bacteroidetes OTUs that were only distantly related (<86% rrs identity) to any named isolate (Fig. 3, Table 2 ). The cultures lacking hydrogen were dominated by sequences classified as Pseudobutyrivibrio and Synergistetes (Table S1 , Supporting Information).
DISCUSSION
Molecular investigations of the bovine rumen have revealed the presence of a diversity of functional gene sequences associated with reductive acetogenesis that demonstrate only low similarity to sequences from presently isolated authentic rumen acetogens (Matsui, Kojima and Tajima 2008; Gagen et al. 2010; Henderson et al. 2010) . In the present study, we sought to combine molecular and enrichment cultivation techniques to provide further evidence of the identity of these putative acetogens from the bovine rumen, that are not yet available as pure cultures. Most of the potential acetogens identified in this study were not closely related (i.e. not demonstrating >90% amino acid identity for FTHFS or ACS) to any currently isolated rumen acetogens, though a single O. pfennigii acsB sequence was detected (Fig. 2) . ACS analysis indicated that the majority of putative acetogens in the enrichment cultures affiliated with the Lachnospiraceae in agreement with a previous study (Gagen et al. 2010) . Although this was not confirmed in the FTHFS analysis, the current FTHFS primers (Leaphart and Lovell 2001) do not target all known acetogens and it is worth noting that they miss A. ruminis (Henderson et al. 2010) which was the acetogen with the ACS sequence most similar to ACS sequences in the enrichment cultures. All of the FTHFS sequences detected in the present study, clustered in the lower half of the FTHFS tree and demonstrated HS scores less than the 90% cut-off used by Henderson et al. (2010) to identify sequences likely to have originated from acetogens ( Fig. 1) . Potentially, the FTHFS sequences that clustered near Sporomusa acetogens in the lower half of the FTHFS tree, but with reasonably high HS scores (86-88%) originated from novel acetogens. These sequences may be of future interest as similar and identical FTHFS sequences have also been detected by Matsui, Kojima and Tajima (2008) from the rumen of a Holstein cow fed a mixture of pasture and grain in Japan, by Henderson et al. (2010) from Fresian-Jersey cattle on a mixed diet in New Zealand and by Gagen et al. (2012) from the rumen of sheep in France, raising the possibility that there are taxa of novel potential acetogens common to ruminants regardless of diet, location or breed.
The majority of ACS sequences from the enrichment cultures (OTU 1, Fig. 2 ) were identical at the amino acid level to sequences detected directly in the rumen of these animals previously (Gagen et al. 2010) , indicating that these putative acetogens are present in the rumen naturally (i.e. without the selective pressure of exogenous hydrogen). However, many of the acetogen functional gene sequences previously detected in pasture-fed cattle (Gagen et al. 2010) were not detected in enrichment cultures from the same animals in the current study. Most notably, a large diversity of potential acetogens broadly affiliating between the Lachnospiraceae and Clostridiaceae (Gagen et al. 2010) were not enriched in medium used in the present study to select for autotrophic acetogens. Potentially these species were outcompeted by other acetogens in the cultures, or alternatively, they did not grow well on limited medium that selected for autotrophic growth. In vivo it is likely that rumen acetogens do not function as strict autotrophs, because this process is less energetically favourable than heterotrophic or mixotrophic growth (Breznak and Kane 1990) and because autotrophic acetogenesis is not competitive with methanogenesis under normal rumen conditions (Ungerfeld and Kohn 2004) . Future research would be useful if directed at investigating acetogens capable of consuming hydrogen during heterotrophic or mixotrophic growth (i.e. consuming hydrogen while fermenting other substrates) as well as acetogens adapted to hydrogen concentrations that are lower, as in situ rumen concentrations would be, e.g. see Ungerfeld and Kohn (2004) . Because acetogens are not a significant hydrogen sink in the rumen naturally, monitoring of the putative acetogens in ACS OTU 1 (Fig. 2) , which were identical to those detected in the rumen without cultivation bias or exogenous hydrogen provided, would be an ideal starting place for understanding the function and relevance of these organisms in situ. Of particular interest would be how these species respond to changes in rumen hydrogen concentration and/or elevated hydrogen concentrations due to methanogen suppression. In the rumen, interspecies hydrogen transfer and/or a gradual increase in hydrogen concentrations in response to methanogen suppression may actually select for different species than were enriched in cultures provided with a high concentration of hydrogen suddenly. On the other hand, in future methanogen-suppression treatments to reduce greenhouse gas emissions from livestock, there may be potential for enrichment cultures such as those here to be used as 'start-up' inoculum concomitant with treatment, in order to inoculate animals with organisms already adapted to elevated hydrogen concentrations and able to redirect the energy that would otherwise be lost, into an end product of energetic benefit to the host ruminant.
Isolation of authentic acetogens from rumen enrichment cultures in the present study was repeatedly unsuccessful (data not shown). However, the cultures displayed the phenotype expected from cultures dominated by autotrophic acetogens (hydrogenotrophic with acetic acid as the major end product), and acetate production in the cultures was strongly linked to the provision of an exogenous hydrogen source (Table 1) . 16S rRNA gene analysis of enrichment cultures compared to cultures that were not provided with exogenous hydrogen revealed a range of bacteria that appeared to be dependent on exogenous hydrogen and could be the acetogens in the cultures (Fig. 3 and Table 2 ). Classification of many of these sequences agreed with the ACS analysis further supporting the likelihood that the acetogens in the cultures were novel members from the Lachnospiraceae and Ruminococcaceae. Interestingly, a range of Bacteroidetes sequences that were not closely related to any currently named isolates also diminished in the cultures lacking hydrogen. As no acetogens have been isolated from the Bacteroidetes previously, the clonal decline in Bacteroidetes is noteworthy. After acetic acid, sulphide was the only other end product that correspondingly decreased in cultures in the absence of hydrogen, though known sulphur-reducing bacteria (Desulfovibrio and Bilophila) were also identified in enrichment cultures and the abundance of their Figure 3 . Heatmap analysis of rrs sequences in enrichment cultures (PEnrich) and cultures lacking hydrogen (PnoH2). Analysis performed for OTUs at ≤0.025. The scale bar indicates relative abundance of each OTU within a sample group. OTUs with a significant decline in sequences (>50% decrease in clones in the OTU) between the enrichment culture and the culture lacking hydrogen are marked with asterisks. Phylogenetic affiliations for these OTUs can be found in Table 2 . rrs sequences diminished in the absence of hydrogen. Whether the diminished Bacteroidetes species are novel acetogens or novel sulphate reducers remains a possibility. Alternatively, they may simply be dependent on species from those functional groups for the provision of e.g. a cofactor or vitamin required for growth.
In a recent study, members of the Bacteroidetes group Prevotellaceae increased in the rumen in association with the accumulation of hydrogen when methanogenesis had been inhibited and it was suggested that those species were consuming hydrogen for propionate production (Mitsumori et al. 2011 ). In the current study, propionate was not significantly different between cultures with and without exogenous hydrogen provided. Therefore, the possible relationship that the novel Bacteroidetes (<86% rrs identity to any current isolate) in the present study have with hydrogen remains speculative and would be worth further investigation.
